Microorganisms are hypothesized to contribute to the pathogenesis of bronchopulmonary dysplasia (BPD) in very low birth weight (VLBW) infants. This hypothesis remains controversial. We sought to determine whether endotracheal colonization with Ureaplasma sp., adenovirus, or Chlamydia sp. increases the risk of BPD. Intubated VLBW infants were included. Polymerase chain reaction (PCR) analysis was used to detect Ureaplasma sp., adenovirus, and Chlamydia sp. The outcome measure was BPD or death due to lung disease. Detection of microorganisms was compared between subjects with and without BPD. Logistic regression was used to control for covariates. Of 139 subjects, 33 (25%) screened positive for Ureaplasma sp., 22 of 136 (16%) were positive for adenovirus; eight of 133 (6%) were positive for Chlamydia sp. B PD represents an ongoing challenge in neonatal care. BPD is a mixed obstructive/restrictive lung disease of preterm infants, with very low birth weight infants (VLBW, Ͻ1500 g) being at highest risk of significant morbidity and mortality (1,2). BPD has been attributed to the effects of treatment of infant respiratory distress syndrome (iRDS), particularly oxygen supplementation and mechanical ventilation (3). Despite routine use of surfactant, gentle ventilation techniques, and judicious use of oxygen therapy, BPD remains a major morbidity for VLBW infants. Infants with minimal exposure to mechanical ventilation are also affected by BPD, suggesting that other factors are involved in its pathogenesis (4,5).
B
PD represents an ongoing challenge in neonatal care. BPD is a mixed obstructive/restrictive lung disease of preterm infants, with very low birth weight infants (VLBW, Ͻ1500 g) being at highest risk of significant morbidity and mortality (1, 2) . BPD has been attributed to the effects of treatment of infant respiratory distress syndrome (iRDS), particularly oxygen supplementation and mechanical ventilation (3) . Despite routine use of surfactant, gentle ventilation techniques, and judicious use of oxygen therapy, BPD remains a major morbidity for VLBW infants. Infants with minimal exposure to mechanical ventilation are also affected by BPD, suggesting that other factors are involved in its pathogenesis (4, 5) .
The development of lung inflammation resulting in abnormal alveolar development may be a common pathway that links these risk factors (2) . Infectious microorganisms in the pulmonary tree may contribute to such inflammation. Ureaplasma sp. are associated with both a pulmonary and a systemic inflammatory response (6 -13) . Pulmonary adenovirus has been linked with BPD, although no studies have investigated the inflammatory response in newborn infants (14) . Chlamydia sp. have been serologically linked to BPD (15) . However, studies performed during routine maternal screening yielded low numbers of colonized infants, and no association with BPD was demonstrated (16, 17) .
Maternal Ureaplasma sp. infection is associated with chorioamnionitis, an inflammatory disorder of the membranes that can contribute to premature birth (18) . The risk of vertical transmission of the organism is inversely proportional to gestational age, as is the risk of BPD (19) . Associations between neonatal pulmonary colonization with Ureaplasma sp. and development of BPD have been shown (16,20 -28) , but the association remains controversial (17,29 -35) . Study design limitations that could minimize the likelihood of detecting an association include small sample size, failure to consider estimated gestational age (EGA) or birth weight during statistical analysis, failure to account for other pathogens, and varying definitions of BPD.
We used PCR to detect Ureaplasma sp. PCR has a lower false-negative rate than clinical culture and can detect organisms when simultaneous cultures fail to do so (13, 36, 37) , making it an ideal assay for fastidious organisms that are difficult to culture under routine clinical laboratory conditions.
We undertook a prospective cohort study of VLBW infants, screening them for the presence of Ureaplasma sp., adenovirus, and Chlamydia sp. in the lungs using PCR on endotracheal aspirates and following them for the development of BPD. We identified potential confounding variables and adjusted for them in our analysis. Our goal was to determine the contribution of pulmonary detection of these microorganisms to the development of BPD.
METHODS
Study design, inclusion/exclusion criteria. We designed a prospective cohort study of the contribution of endotracheal detection of infectious microorganisms to the development of BPD in VLBW infants. The Institutional Review Board of Oregon Health and Science University (OHSU) approved the protocol and granted a waiver of patient consent, as the study samples were deemed medical waste. Samples were coded to preserve anonymity during analysis.
All VLBW infants admitted to OHSU Hospital before 72 h of age who required intubation and mechanical ventilation were eligible for study entry. Patients were excluded if they had congenital anomalies, congenital heart disease, or chromosomal anomalies. Endotracheal aspirates were obtained within the first 72 h of life. Specimens were screened for Ureaplasma sp., adenovirus, and Chlamydia sp. by PCR. Clinical data regarding known risk factors for chronic lung disease were collected.
Outcome definitions. We used a common definition of BPD: need for supplemental oxygen at 36 wk postmenstrual age (PMA) (1) . Infants met this criteria if they had a room air SpO 2 of Ͻ88% by bedside pulse oximetry (Spacelabs Medical, Issaquah, WA).
A combined outcome of death due to lung disease or BPD at 36 wk PMA was also modeled. For infants who died before 36 wk PMA, whose death was due to respiratory failure, pneumothorax, pulmonary hemorrhage, iRDS, or pulmonary hypertension, were included in the death-due-to-lung-disease group. These patients were added to the survivors with BPD at 36 wk PMA to form the combined outcome group.
Clinical data collection. Respiratory course, comorbid conditions, and preexisting demographic risks for BPD were considered as potential confounding variables. Total white blood cell counts were collected at birth as a measure of systemic inflammation. Clinical data were abstracted from hospital charts after hospital discharge.
To keep study personnel blinded, samples were coded anonymously. Clinical data collection was completed before PCR results were decoded to prevent bias.
Sample collection. Endotracheal aspirates were obtained using in-line suction sets and sterile suction traps (Busse Hospital Disposable, Hauppauge, NY) as part of routine clinical care. Up to 1 mL of sterile nonbacteriostatic saline was instilled into the trachea, with a resultant 0.5 to 1.0 mL sample obtained. Samples were stored at Ϫ80°C.
Sample preparation. Three hundred microliters of aspirate was centrifuged at 14,000 ϫ g for 20 min. The pellet was incubated at 60°C for 60 min with 50 L of solution A (10 mM Tris HCl, pH 8.3, 100 mM KCl, 2.5 mM MgCl 2 ) and 100 L of solution B (1% Tween 20, 10 mM Tris HCl, 1% Triton X, 2.5 mM MgCl 2, 120 g/mL proteinase K). It was heated at 95°C for 10 min to inactivate the proteinase K, quenched on ice, and stored at Ϫ20°C until PCR analysis.
Primers. Primers used for detection of Ureaplasma sp., Chlamydia sp., and adenovirus were synthesized and purified by Invitrogen (Carslbad, CA), and are shown in Table 1 .
PCR screening for microorganisms. Primers designed and validated in neonatal endotracheal aspirate samples by Blanchard and colleagues (38) were used to amplify a 429-bp fragment of the urease gene common to all serotypes of Ureaplasma sp. The Ampliwax (Perkin-Elmer ABI)-mediated hot-start PCR technique was performed in a 50-L reaction mix. The lower suspension contained 2.5 L of each primer (U4 and U5, 10 mol), 1 L deoxyribonucleoside triphosphate and distilled and deionized H 2 O (ddH2O) to 20-L volume and was sealed with a 50-L Ampliwax gem melted at 72°C. The upper suspension contained 10ϫ PCR buffer (5 L), 25 mM MgCl 2 (6 L), 1U Taq polymerase, and ddH20 to 25-L volume. Last, and in a different location from where the PCR reaction mixes were assembled (to minimize potential contamination of reagents by PCR products), 5 L of experimental sample was added. Positive and negative controls were used. A GenAmp 2400 DNA thermal cycler (Perkin-Elmer-Cetus) was used for 40 cycles of 20 s at 95°C for denaturation, 60 s at 62°C for primer annealing, and 30 s at 72°C for extension.
Chlamydia sp. and adenovirus are also amenable to PCR detection (14) . The Ampliwax hot-start PCR technique described above was used, substituting appropriate primers, and adjusting PCR protocols as noted below.
A 330-bp fragment of the hexon gene of adenovirus was amplified using nested PCR with ADH-01 and ADH-02 primers (14) . These primers detect at least 10 subtypes of adenovirus, including 1, 2, 3, 5, 6, 7, 18, 31, 41, and 50. The protocol for the primary reaction was 5 min of incubation at 94°C, followed by 40 cycles of 45 s at 94°C, 45 s at 64°C, and 45°s at 72°C. Two microliters of the primary PCR product was used in the secondary PCR reaction, with the ADH-11 and ADH-22 primers.
A 609-bp fragment of Chlamydia (trachomatis, psittaci, pneumoniae) (16S rRNA gene) was amplified with a single PCR reaction: 5-min incubation at 94°C, followed by 40 cycles of 45 s at 94°C, 45 s at 64 C, 45 s at 72°C.
Positive and negative controls. Positive controls consisted of stock isolates of Ureaplasma sp. obtained from ATCC (Manassas, VA), and samples of Chlamydia trachomatis and adenovirus obtained from the OHSU Department of Microbiology. Negative controls consisted of pH 7.5 TE buffer. Samples were tested at least twice to ensure reliable results.
Analysis of PCR products. Amplified products were analyzed by electrophoresis through a 2% SeaKem LE agarose gel (Cambrex) at 60 V for 3 h, stained with 0.5 g/mL ethidium bromide (Sigma Chemical Co., St. Louis, MO), and visualized with ultraviolet light.
Data analysis. Univariate analyses, including 2 , Fisher's exact test, t test, and simple linear regression were used to identify variables associated with development of BPD. To determine the contribution of the microorganisms to BPD after adjustment for other risk factors, logistic regression models were used. Variables found to be significantly associated with the development of BPD (p Ͻ 0.25) were used to build two logistic regression models with incidence of BPD at 36 wk PMA, and the combined outcome of BPD at 36 wk PMA or death due to lung disease, as the dependent variables. All initial variables of interest (p Ͻ 0.25) were entered and removed and reassessed using methods described by Hosmer and Lemeshow (39) . Interaction terms were also explored based on clinical relevance.
Analysis was performed with SPSS 11.0 for Macintosh, and the SAS package, version 8.0, for Windows.
RESULTS
The cohort included 139 VLBW infants born from January 1, 1998, to December 31, 2002 , and included 79% (139/177) of eligible patients. Those not included were likely patients who were ventilated for less than 48 h. Sample collection was not performed on weekends; therefore, patients born on weekends who were ventilated for short periods of time were not included. This group of patients should not differ systematically from included patients.
Demographic information regarding the cohort as well as data regarding neonatal outcomes can be found in Table 2 . Chorioamnionitis was defined by an obstetric clinical diagno- 
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UREAPLASMA AND BPD sis recorded in the mother's chart consisting of fever, elevated white blood cell count, and uterine tenderness ( Tables 3 and 5) . Twenty-four percent (34/139) of patients were positive for Ureaplasma sp. detection by PCR, and 16% (22/136) were positive for adenovirus, consistent with published values (14, 17, 33, 40) . Chlamydia sp. were rarely detected (6%, 8/133) ( Table 2 ). There were no racial differences in detection rates for any organism (Ureaplasma sp., p ϭ 0.3; adenovirus p ϭ 0.2; Chlamydia sp., p ϭ 0.9). There was no relationship between total white blood cell count at birth and detection status for any organism (Ureaplasma sp., p ϭ 0.9; adenovirus, p ϭ 0.9; Chlamydia sp., p ϭ 0.6). There was no relationship between total white blood cell count at birth and the outcome, BPD, or death (p ϭ 0.7).
At 36 wk PMA, 121 patients were still in the cohort. Of the remainder, 14 had died, and four had been transferred to other institutions. The proportions of transferred infants with Ureaplasma sp. (25%) and adenovirus (25%) detected were similar to those retained in the cohort.
At 36 wk PMA, 57% of the population (69/121) met the criteria for BPD. Fifty-nine percent of the patients had either been diagnosed with BPD or had died from lung disease before 36 wk PMA (76/130). Incidence of death or BPD was similar in all racial groups.
BPD at 36 wk PMA. Several factors emerged as significant predictors of BPD at 36 wk PMA. Smaller and less gestationally mature infants were more likely to develop BPD, as were those who required longer courses of mechanical ventilation. The median number of days of ventilation was 24 in the BPD group versus 7 in the unaffected group. Each day of mechanical ventilation increased the risk of BPD by 8%. These infants were also more likely to be treated for PDA. Sepsis was more prevalent; 44% of patients in the BPD group had at least one episode, in contrast to 27% of the unaffected group. BPDaffected infants also had significantly higher incidence of stage 3 or 4 ROP. Ureaplasma sp. detection was significantly associated with BPD at 36 wk, whereas adenovirus and Chlamydia sp. were not ( Table 3 ).
The logistic model created for the 36 wk PMA outcome included EGA, PDA, sepsis, Ureaplasma sp. colonization, number of days of ventilation, and the interaction of days of ventilation and EGA. The interaction of days of ventilation with EGA was a significant predictor of BPD at 36 wk PMA. Days of ventilation were increasingly important as risk factors for BPD as babies became more gestationally mature. The OR for each additional ventilator day at 25 wk EGA was 1.05, indicating that each day on the ventilator increased risk by 5%. At 26 wk EGA, the additional risk was 8% per day, and at 28 wk EGA, it was 14% per day. The odds ratios (ORs) for these gestational ages are found in Table 4 .
BPD at 36 wk PMA or death due to lung disease. Individual predictors of BPD or death due to lung disease were similar to those for BPD at 36 wk PMA ( Table 5) .
The model for the combined outcome of BPD at 36 wk PMA or death from lung disease was identical to that for BPD at 36 wk PMA, although it was arrived at by an independent model-building process. Significant predictors of BPD included Ureaplasma sp. colonization and the interaction of ventilation with gestational age. The OR for Ureaplasma sp. colonization and BPD at 36 wk PMA or death due to lung disease was 4.2 (95% CI: 1.03-17.0), indicating a fourfold (Table 6 ).
DISCUSSION
Endotracheal detection of Ureaplasma sp. emerged as an important predictor for the combined outcome of BPD or death due to lung disease in our population (OR ϭ 4.2) after statistical adjustment for the effects of gestational age, PDA, sepsis, and days of ventilation.
More than 20 candidate variables were investigated as potential confounders of the association between Ureaplasma sp. and BPD. Our study is the first to use PCR methods statistically corrected for duration of mechanical ventilation, an important risk factor for BPD. By using the most currently useful definition of BPD, a very sensitive detection method, and adjusting for several of the most significant risk factors for BPD, this study improves on the previous literature.
The relationship between BPD and Ureaplasma sp. has been investigated for Ͼ20 y. Most publications in the presurfactant era clearly demonstrated an association; a metaanalysis of 18 publications between 1988 and 1994 demonstrated an increased risk of BPD in colonized infants (OR ϭ 1.72) (41) .
Since surfactant has come into common usage, the data conflict. Studies in infants with mean birth weights of 827-1000 g demonstrated OR of 2.0 -3.8 (24,26 -28) , yet in studies of larger infants (975-1300 g) there was no association detected between Ureaplasma sp. and BPD (14, 33, 35) . This ambiguity may be related to the difference in size, as smaller, more gestationally immature infants are at higher risk of BPD. A population with a lower prevalence of BPD would require a larger sample size to detect any effect of the organism. Our population had a high prevalence BPD, increasing our ability to detect differences in BPD between colonized and uncolonized infants.
A recent meta-analysis determined that Ureaplasma sp. colonization is associated with BPD at 36 wk PMA (OR ϭ 1.62, 95% CI: 1.1-2.3) (42). Our study differs from many of the studies in the analysis due to use of PCR and adjustment for known confounders.
Another potential explanation for the controversy may be the modality used to detect Ureaplasma sp. Relying on a single clinical culture may misclassify up to 40% of positive patients as negative (13, 17, 37, 43) . PCR is more sensitive than culture and can detect both low numbers of organisms and dead organisms (36, 37, 44) . Sensitivities for PCR detection of Ureaplasma range from 90% to 100% in neonatal endotracheal aspirate samples. Contemporaneous cultures of the same specimens yield detection sensitivities of 40%-91% (36, 37) . Although PCR detection does not differentiate between colonization and infection, this will only underestimate any association, as infected infants are presumably at greater risk of complications. Unfortunately, it is impossible to clearly determine which patients are incidentally colonized with these organisms and which have true pathologic infection, regardless of detection method.
We also investigated the contributions of adenovirus and Chlamydia sp. detection to BPD. Adenovirus was first reported in association with BPD by Couroucli et al. (14) in a population with EGA Ͻ30 wk by PCR . They found no association between Ureaplasma sp. and BPD. The majority of adenovirus isolates were type 5, a group C adenovirus that has been detected in neonatal myocarditis and pediatric respiratory infection. No clinical data such as gestational age, birth weight, and neonatal diagnoses were reported. We detected adenovirus at a rate similar to both groups (14, 40) and also demonstrated no association with BPD. Our isolates were not sequenced. Our sample size and prevalence of adenovirus were similar to those of Couroucli et al. and was adequate to have reproduced this finding. That we did not suggests that their population is different in some important way from the very immature, high-risk population we studied or that their association was due to chance. The role of adenovirus in BPD is still uncertain. Chlamydia sp. were uncommon in our population (eight patients) and not associated with BPD.
Like all epidemiologic studies, ours contained potential limitations. Our study was limited to intubated VLBW infants. We obtained samples on 79% of eligible infants. The excluded patients were likely intubated for shorter durations; however, no data were collected to support this assertion. If intubated for a shorter duration, they would represent a group at lower risk of BPD, and if included, might lead to a shift in the OR of our logistic models toward 1. Our population consisted of a subset of the total who were smaller, younger, and, in general, at higher risk of BPD. This is a potential source of selection bias. Our findings can only be generalized to intubated VLBW infants.
Infants who never require mechanical ventilation can still develop BPD. With mechanical ventilation being used more sparingly, other risk factors for BPD become more important to understand. Given the sample size and the large effect of mechanical ventilation on the risk of BPD in our population, there was no way to adequately assess the effects of other risk factors, such as sepsis, PDA, and maternal chorioamnionitis. Therefore, our study cannot be generalized to the entire VLBW population, only those who have been mechanically ventilated.
We clearly demonstrated that after accounting for other common risk factors for BPD, the presence of Ureaplasma predisposed intubated VLBW infants to BPD or death due to lung disease. Ureaplasma is an independent risk factor for BPD in this population. The mechanism for this increased risk is not known, but could be due to inflammation arising before birth due to intrauterine exposure. Indeed, our sample collection in the first 72 h of life reflects such antenatal or perinatal exposure to Ureaplasma. We did not have amniotic fluid samples or other maternal data with which to determine timing or chronicity of Ureaplasma exposure. We collected total white blood cell counts at birth for all subjects and found no association between elevated white blood cell count and Ureaplasma colonization. White blood cell counts are a crude estimate of systemic inflammation, and we did not collect other data such as pulmonary cytokine levels to assess the level of pulmonary inflammation, as others have done (11, 12) .
Future studies should be aimed at combining epidemiologic studies with contemporaneous measurement of inflammatory cytokines to determine whether Ureaplasma sp. is causing an inflammatory response in neonates who are then followed for the development of BPD. Species and serovar ascertainment would also be helpful in such studies to identify any varying pathogenicity of the Ureaplasma sp. Finally, no large prospective studies of antibiotic treatment of Ureaplasma sp., starting in the first days of life, exist. Such a trial could contribute much to the understanding of the impact of this microbe in this vulnerable population. Understanding the pathogenesis of BPD is essential to the development of interventions to optimize the health and long-term well-being of our tiniest patients.
